Mechanistic insights to viral replication and pathogenesis generally have come from the analysis of viral gene products, either by studying their biochemical activities and interactions individually or by creating mutant viruses and analyzing their phenotype. Now it is possible to identify and catalog the host cell genes whose mRNA levels change in response to a pathogen. We have used DNA array technology to monitor the level of Ϸ6,600 human mRNAs in uninfected as compared with human cytomegalovirus-infected cells. The level of 258 mRNAs changed by a factor of 4 or more before the onset of viral DNA replication. Several of these mRNAs encode gene products that might play key roles in virus-induced pathogenesis, identifying them as intriguing targets for further study.
Human cytomegalovirus (HCMV) has the potential to alter cellular gene expression though multiple mechanisms. Its initial interaction with the cell surface could initiate a regulatory signal; indeed, the virion gB and gH glycoproteins induce cellular transcription factors when added to uninfected cells (1) . Constituents of the virion, such as the tegument protein, pp71, migrate to the nucleus and activate transcription after infection (2) , and viral proteins synthesized after infection, such as the immediate early 1 and 2 proteins, modulate transcription (3) (4) (5) . The virus encodes several G protein-coupled receptors (6, 7) that likely initiate gene regulatory signal cascades in response to ligands, and HCMV infection has been shown to perturb cell cycle regulation (8) (9) (10) (11) , which leads to changes in cellular gene expression. The complex virus-host cell interaction has the potential to modulate the expression of cellular genes dramatically.
Relatively few cellular genes have been identified whose activity changes in HCMV-infected cells (12) . Recently, differential display analysis was used to identify 15 interferon-inducible genes that are activated by the virus subsequent to infection (13) . However, this screen identified only genes whose mRNA levels changed dramatically, and the screen was not performed under a variety of conditions, given its labor-intensive nature. In contrast to differential display, the DNA array assay is performed easily and can detect subtle changes in mRNA levels. We report the identification of 258 cellular mRNAs whose level changes by a factor of 4 or more before the onset of HCMV DNA replication.
MATERIALS AND METHODS
Cells and Viruses. Primary human foreskin fibroblasts at passage 10-15 were cultured in DMEM containing 10% fetal calf serum. After the cells remained at confluence for 3 days, they were infected at a multiplicity of 3 plaque-forming units per cell with HCMV AD169 or Toledo virions that were purified as described (14) .
Sample Preparation and Analysis with DNA Arrays. Biotinylated single-stranded antisense RNA samples for hybridization were prepared as described (15) with minor modifications. Total cellular RNA was prepared by using the TRIZOL Reagent (GIBCO͞BRL), polyadenylated RNA was isolated, and portions (5 g) were used as the template for the first strand cDNA synthesis in a reaction that was primed with oligo(dT) containing a T7 RNA polymerase promoter sequence at its 5Ј end [5Ј-GG-CCAGTGAATTGTAATACGACTCACTATAGGGAGGC-GG(T) 24 -3Ј]. The second cDNA strand was synthesized by using Escherichia coli DNA polymerase I and ligase. The resulting cDNA (0.5-1 g) was used as template to make a biotinylated RNA probe by in vitro transcription using the T7 Megascript System (Ambion, Austin, TX). Unincorporated nucleotides were removed by using a G-50 Quick Spin Column (Boehringer Mannheim). The labeled RNA was fragmented to an average size of 50-100 bases by incubating at 94°C for 30 min in buffer containing 40 mM Tris⅐Ac (pH 8.1), 100 mM KOAc, and 30 mM MgOAc. The hybridization (15 h), washing, and staining protocols were as described (15) and used a set of four human gene chips (HUM6000 A, B, C, and D, Affymetrix, Santa Clara, CA). The DNA arrays were scanned by using a confocal scanner manufactured for Affymetrix by Molecular Dynamics.
Data Analysis. The data collected in each hybridization experiment was processed by using the GENECHIP software supplied with the Affymetrix instrumentation system. To evaluate whether RNA corresponding to each of the 6,600 genes encoded on the array was detectable or undetectable, a number of parameters were evaluated (15, 16) , including the number of probe pairs interrogating each gene in which the intensity of the perfect match hybridization reaction exceeded that of the mismatch hybridization signal and the perfect match͞mismatch ratios for each set of probe pairs. To determine the quantitative amounts of RNA from each gene, the average of the differences (perfect match minus mismatch) for each probe pair in a probe set was calculated as well as the average differences across the probe sets. The cutoff thresholds were determined empirically to be conservative; that is, they minimized false positives. The change in the level of expression for any gene was considered significant if the change in the average differences across the probe sets was Ͼ3-fold.
RNA Analysis by Northern Blot. GENECHIP results were confirmed by Northern blot assay. Total RNA (3 g) from mockinfected cells or cells infected with the HCMV AD169 or Toledo strains was subjected to electrophoresis, was blotted to a membrane, and was probed with random hexanucleotide-primed 32 P-labeled cDNA fragments from IMAGE (Genome Systems, St. Louis).
synthesized on the surface of the derivatized glass wafer within the boundaries of each feature by using light-sensitive chemistry (17) (18) (19) (20) (21) . The arrays contain 20 pairs of oligonucleotide probes corresponding to each RNA that is interrogated. Each probe pair consists of one 25-mer that is a perfect complement to the RNA (a perfect match probe) and a companion oligonucleotide that carries a single base difference in a central position (a mismatch probe). The mismatch probes serve as internal controls for hybridization specificity. Empirically derived rules used for the selection of oligonucleotide probes with the best sensitivity and specificity have been described (16) .
RNA samples were prepared for analysis at 40 min, 8 h, and 24 h after mock infection or HCMV (strain AD169) infection of primary human fibroblasts. Under these conditions, HCMV DNA replication begins between 24 and 36 h after infection (10) , and the complete viral replication cycle requires Ϸ72 h. So, all of the time points assayed were relatively early in the HCMV replication cycle. Biotinylated RNA target samples were generated by in vitro transcription of cDNA that was prepared from cellular mRNA by using an oligo(dT) primer with a T7 polymerase promoter at its 5Ј end. This protocol amplifies the mRNA population in an unbiased and reproducible fashion (16) . The resulting antisense RNA was fragmented to an average size of 50 to 100 bases and was hybridized to the oligonucleotide probe arrays, and then the arrays were reacted with phycoerythrinconjugated streptavidin. The intensity of the fluorescent signal within each feature then was quantified by using a confocal scanner (Affymetrix). Previous studies have demonstrated that the fluorescent signal is linearly related to the concentration of RNA target within the range of Ϸ1 (1 part in 300,000) to nearly 10 3 copies of RNA per cell (16) . Above 10 3 copies per cell, the signal continues to increase but in a nonlinear fashion because the oligonucleotide probes begin to saturate. RNAs corresponding to 3,020-3,380 of the 6,600 genes were detected in different experiments. The range is caused in part by virus-induced changes. However, much of the variation is caused by mRNAs expressed at the level of 1-10 copies per cell, scoring as present in one assay and absent in another experiment.
The DNA arrays contain a set of 198 oligonucleotides corresponding to sequences spread across the entire length of the glyceraldehyde-3-phosphate dehydrogenase mRNA. The target RNAs prepared at 8 h after infection with HCMV ( Fig. 1A ) or after mock infection (data not shown) hybridized to the complete glyceraldehyde-3-phosphate dehydrogenase probe set. The arrays also included oligonucleotides spanning the actin mRNA and target RNAs hybridized to this complete probe set, as well (data not shown). These controls demonstrated that the target RNA preparations span the entire length of the test gene and provided confidence that the cDNA synthesis and subsequent in vitro transcription generated target RNAs representative of the input mRNA.
The reproducibility of hybridization signals produced by independent preparations of target RNAs also was tested. Biotinylated target RNA was prepared from mock-infected cells ( Fig.  1B ) or at 8 h after infection ( Fig. 1C) and was hybridized to different sets of arrays. The concentration of only one cellular mRNA differed by a factor of Ͼ3 in the replicate experiments ( Fig. 1B) . This control demonstrates that the hybridization signals observed in independent experiments are highly reproducible. Further, the two preparations of infected cell target RNAs were prepared from infected primary fibroblasts derived from two different tissue samples, ruling out the possibility that changes in RNA levels might reflect genetic differences in the host cells. Differences Ͼ3-fold observed for hybridization signals in comparisons of mock-infected versus infected cells should identify genes whose mRNA levels change after infection.
When target RNA preparations were compared at 40 min after mock or virus infection, the level of 27 mRNAs had changed in response to infection by a factor of 3 or more; at 8 and 24 h after infection, the number of altered mRNAs increased to 93 and 364, respectively ( Fig. 2 ). Applying a more stringent 4-fold change as the cut off, we generated a set of 258 mRNAs for further analysis (Table 1) . Of these mRNAs, 124 increased, and 134 decreased after infection. We assume that most changes resulted from altered transcriptional regulation, but we have not yet tested this supposition. We confirmed 49 (40%) of the mRNAs predicted to be increased and 23 (17%) of the mRNAs predicted to be decreased either by Northern blot analysis of independent RNA preparations (representative results in Fig. 3 ) or by reference to earlier studies (12, 13) that demonstrated a change. All attempts to confirm a predicted alteration in the group of 258 mRNAs were successful. We assayed changes in mRNA levels for a total of 58 genes in this study by Northern blot. When we performed these assays, we included RNA preparations from cells infected with HCMV strain AD169, the laboratory-adapted strain used for the DNA array analysis, and HCMV strain Toledo, a clinical isolate that has not been passaged extensively in cultured cells (22) . We observed the same alteration in mRNA level for both infections (representative results in Fig. 3 ). Although we might find some differences as more genes are assayed, our results to date argue that the laboratory and clinical isolates of HCMV alter cellular gene expression in a similar fashion.
DISCUSSION
HCMV replicates in many different cell types within its infected host, some of which might respond to infection differently than the primary fibroblasts we have studied here. Keeping this caveat in mind, we nevertheless can speculate that several of the cellular genes whose mRNA levels change after infection of fibroblasts might profoundly influence HCMV replication and pathogenesis.
HLA-E mRNAs. To protect infected cells from cytotoxic T lymphocytes, multiple HCMV gene products act to reduce cell surface expression of classical class I major histocompatibility complex molecules (23) (24) (25) (26) (27) (28) . Although these viral activities protect infected cells from cytotoxic T lymphocytes, they also have the potential to render infected cells susceptible to natural killer (NK) cells that can recognize and destroy cells that no longer express class I major histocompatibility complex molecules. HLA-E mRNA was induced by a factor of 6 at 24 h after infection (Table 1 ; Fig. 3) whereas HLA-A, HLA-D, and HLA-G family members that were represented in the DNA arrays were not changed (data not shown). HLA-E is a nonclassical class I molecule whose cell surface expression requires that it bind peptides derived from the signal sequences of other class I molecules (HLA-A, -B , and -C) (29) . Recently, it has been shown that NK cells recognize and spare target cells expressing HLA-E on their surface (30, 31) . This recognition is mediated by the NK cell CD94-NKG2 cell surface receptor. Assuming that the elevated mRNA leads to elevated cell surface expression of HLA-E, this modulation should protect virus-infected cells from NK cell killing. This would be the second mechanism by which HCMV avoids NK cell surveillance. The viral UL18 protein is a major histocompatibility complex homologue that engages another receptor (NKIR) on the NK cell to avoid attack (32) .
Ro͞SSA 52-kDa mRNA. HCMV-infected cells contain enhanced levels of the Ro͞SSA 52-kDa protein mRNA ( Table 1 ). The mRNA encoding this protein, which is a constituent of a ribonucleoprotein complex, was induced by a factor of 12 at 24 h after infection (Fig. 3) Identity of columns, from left to right: GenBank accession number; name of gene encoding mRNA; time(s) after infection when a change in mRNA level was observed plus fold change; increase (U) or decrease (D) in steady state level of RNA; and gene chip results confirmed in this report by Northern blot analysis (1), confirmed by another literature report (2) , or not confirmed (3). (33) . There is good evidence that these autoantibodies play a direct pathogenic role in neonatal lupus erythematosis and subacute cutaneous lupus erythematosis (33, 34) . However, the mechanism by which the immune system initially responds to Ro͞SSA and other intracellular self-antigens is not clear. One popular hypothesis suggests that molecular mimicry is an important initiating mechanism; that is, aspects of the immune response to a microbe cross-react with self-proteins (35) . Conceivably, overexpression of a commonly targeted autoantigen, such as the Ro͞SSA antigen in HCMV-infected cells, also could favor an autoimmune response. Although the Ro͞SSA 52-kDa antigen normally is found in the nucleus and cytoplasm, it can be detected on the surface of peripheral lymphocytes that have been stressed by heat shock or treatment with ultraviolet light (36) . Perhaps stress induced by HCMV infection also leads to cell surface presentation of Ro͞ SSA, facilitating an autoimmune response to the overexpressed antigen. Murine cytomegalovirus has been shown to induce autoimmune antibodies in infected mice (37) (38) (39) (40) , although Ro͞ SSA antibodies were not monitored in these studies. Lipocortin 1, Cytosolic Phospholipase A2 (cPLA2), and Cyclooxygenase 2 (COX-2) mRNAs. Multiple constituents of the pathway that produces prostaglandin E2 from arachidonic acid are modulated by HCMV (Table 1 ). cPLA2 mRNA increased by a factor of 12, and COX-2 mRNA was elevated by a factor of 7 at 24 h after infection. Lipocortin 1, also known as annexin I, mRNA decreased by a factor of 9 at 24 h after infection. When cPLA2 is activated by phosphorylation, it translocates to membranes, where it selectively cleaves and releases arachidonic acid; then, COX-2 converts it to prostaglandin E2. Lipocortin 1 inhibits the activation of cPLA2 (41) . Thus, in HCMV-infected fibroblasts, the synthesis of prostaglandin E2 is activated by the induction of cPLA2 and COX-2 and the inhibition of the negative regulator lipocortin 1, assuming that the changes in mRNA levels translate to changes in active proteins. Further, HCMV infection has been shown to activate latent cPLA2 by inducing its phosphorylation (42) . Thus, this pathway is induced strongly at both the transcriptional and posttranslational levels after infection, and this should lead to a marked increase in the production of prostaglandin E2. Prostaglandins serve as second messengers to stimulate a variety of responses, including inflammation. Perhaps the activation of this pathway is a cellular reaction to HCMV infection designed to induce a cell-mediated response that will kill the infected cell and thereby inhibit spread of the infection. Alternatively, one might speculate that the virus either induces the pathway or fails to antagonize the induction as a strategy to facilitate spread of the virus within the infected host. Inflammation might serve to lure monocytes and monocytic precursors to the vicinity of the infected cells, where they can be infected. Cells of the monocytic lineage harbor HCMV on a long-term basis in a latent state (43) (44) (45) .
It is possible that the concerted changes in cPLA2, COX-2, and lipocortin 1 are an indirect effect of HCMV gene action. Interleukin 1␤ has been shown to regulate this set of genes (46) in the same manner as seen in infected cells. Although several reports have suggested that interleukin 1␤ activity is decreased in cultures of HCMV-infected monocytes (47, 48) , the HCMV IE1 gene has been shown to induce the accumulation of interleukin 1␤ mRNA in transfected monocytes (49, 50) . The interleukin 1␤ gene was not included in the oligonucleotide array assayed in this report, so we do not know if its mRNA is induced by infection of fibroblasts.
Thombospondin-1 mRNA. Thombospondin-1 is a calciumbinding protein released on platelet activation (51) . It is a constituent of the extracellular matrix that regulates cell growth and differentiation, and it might potentiate tumor progression (52) . Recently, thombospondin 1-deficient mice have been produced (53) whose lungs exhibit acute and chronic cell infiltrates with increased fibroblastic and epithelial cell proliferation, matrix deposition, and diffuse alveolar hemorrhage characteristic of pneumonia. Thombospondin-1 mRNA is reduced by a factor of 21 by 24 h after infection with HCMV (Table 1) . Replication in the lung that leads to pneumonia is one of the principle consequences of active HCMV infection in immunosuppressed individuals (54) . Given the phenotype of thombospondin 1-deficient mice, one can speculate that the reduction in this mRNA might contribute to pneumonia induced by acute HCMV infection.
Microphthalmia-Associated Transcription Factor (MITF) mRNA. MITF is the product of the microphthalmia gene. Mice have been described with a variety of mutations in this gene (55) , and the most severe manifestations of the mutations include microphthalmia, oeteopetrosis, and deafness. In the human, MITF mutations were identified in two families afflicted with Waardenberg syndrome type 2, which causes hearing loss and patchy pigmentation of the eyes, hair, and skin (56) . Infection of humans with HCMV early in pregnancy has been reported to cause anophthalmia (57) , and congenital infection of mice with murine cytomegalovirus can cause microphthalmia (58) . Modulation of MITF mRNA levels by the virus could contribute to these abnormalities. MITF mRNA is reduced by a factor of 4-8 at 24 h after HCMV infection of fibroblasts. Although the association of HCMV with eye abnormalities appears to be rare, congenital HCMV infection is a common cause of hearing loss. Conceivably, HCMV-induced hearing loss is a consequence of an inhibitory effect on MITF mRNA expression during development. This supposition is consistent with the observation that MITF mutations are associated with hearing loss in the Waardenberg syndrome. HCMV potentially could modulate MITF in cells that are eventually killed or in cells where viral gene expression does not lead to cell death.
Conclusion. The roles of the cellular genes discussed above in HCMV replication and pathogenesis remain highly speculative. Nevertheless, the ability to identify cellular genes whose functions provide tantalizing hints of potential mechanistic roles in infectious disease processes underscores the utility of gene array technology in the study of pathogens. The global analysis of changes in mRNA levels provides a catalog of genes that are modulated as a result of the host-pathogen interaction and therefore deserve further scrutiny. DNA array analysis provides an important new approach for the investigation of pathogenic mechanisms.
